Povh and Walcher have written a paper entitled "The end of the nucleon-spin crisis". But there is no such crisis. What appeared to be a spin crisis in the parton model, 28 years ago, was a consequence of a misinterpretation of the results of the famous European Muon Collaboration experiment on polarized deep inelastic scattering. It would thus seem that Povh and Walcher have invoked a somewhat dubious argument based on hadronic fluctuations of the photon in order to resolve a non-existent problem.
I. INTRODUCTION
In a recent paper Povh and Walcher [1] offer a solution to what they call "the nucleon-spin crisis", referring to the1988 European Muon Collaboration (EMC) experiment [2, 3] on fully inclusive polarized Deep Inelastic Scattering (DIS), which at the time was interpreted as implying a problem with understanding the spin of the nucleon, and which gave rise to a paper [4] with the enigmatic title A crisis in the parton model: where, oh where is the proton's spin?. However, it has long been understood that there is no such crisis and that the belief in a spin-crisis emerged from an over naive interpretation of the EMC experiment. For a modern summary of the situation and access to the literature, see the review [5] .
II. THE NAIVE INTERPRETATION OF THE EMC RESULTS
Before the invention of QCD, in what was called the quark model of the nucleon, strictly, the constituent quark model, a nucleon (N) is visualized as a bound state of 3 massive quarks (Q) ( M Q ≈ M N /3) lying in some kind of potential. The nucleon corresponds to the ground state, and for any reasonably behaved potential this will be an s-state. Models of various degrees of sophistication give results in good agreement with the static properties of the nucleon. In the simplest non-relativistic case, for an s-state the constituent quarks have no orbital angular momentum (OAM) and one has, for the nucleon at rest, say polarized in the positive Z-direction
With relativistic corrections, the bottom components of the quark Dirac spinors contain OAM and Eq. (1) is modifed to
Let us now see how the EMC results were misconstrued as being in significant disagreement with both (1) and ( 2).
III. RIGOROUS INTERPRETATION OF POLARIZED DIS EXPERIMENTAL RESULTS
The QCD Lagrangian is expressed in terms of quark and gluon fields. The quanta of these quark fields (strictly these are partonic quarks, also referred to as current quarks) do not correspond to the constituent quarks discussed above. Moreover the connection between these two types of quarks is unknown. Such a relationship would depend on highly non-perturbative aspects of QCD. In considering deep inelastic scattering on a proton the quantity of interest is the first moment of the spin-dependent structure function g 1 (x, Q 2 ) :
which can be expressed in terms of the proton matrix elements of the Gell-Mann flavour octet of axial-vector currents,
where the λ j are the usual Gell-Mann matrices and ψ is a column vector in flavor space
and a flavor singlet current
The matrix elements have the form
where the Q 2 dependence of a 0 arises because the singlet current has to be renormalized, and it is customary and convenient to choose Q 2 as the renormalization scale, whereas, to the extent that SU (3) flavour is a good symmetry so that the octet of curents is conserved, a 3 and a 8 are independent of Q 2 . In NLO the expression for Γ p 1 in terms of these is scheme dependent. In the M S scheme, at leading twist, valid for
where the ∆C are the known singlet and non-singlet Wilson coefficients. Now the values of a 3,8 can be obtained from neutron and hyperon β-decay. This follows from the Wigner-Eckart theorem on the assumption that SU (3) flavour is a good symmetry and that the octet of baryons transform as a flavour octet.
Hence a mesurement of Γ p 1 at some value of Q 2 is effectively a measure of a 0 (Q 2 ).
IV. MISINTERPRETATION OF THE MEASURED VALUE OF a0
In the naive parton model, for a fast moving proton with helicity +1/2, a 0 = ∆Σ ≡ (∆u + ∆u) + (∆d + ∆d) + (∆s + ∆s)
where the ∆q, ∆q are the first moments of the polarized quark-parton helicity densities. Hence, bearing in mind that ∆q = q + − q − , where ± corresponds to the number densities with spin along or opposite to the proton's momentum, so that the average spin carried by a given quark is given by S q z = 1/2 ∆q, one obtains in the naive parton model
and if there is no other source of angular momentum one expects
implying, naively,
The EMC experiment gave a 0 ≈ 0 and later experiments confirmed that a 0 ≪ 1, giving rise to the spin crisis in the (naive) parton model. However, Eq. (12) cannot possibly be true because the right hand side is a fixed number, whereas the left hand side is, beyond the naive level, equal to a 0 (Q 2 ), i.e. a function of Q 2 ! Thus failure of Eq. (12) to hold cannot possibly be used to infer that there is crisis 1 . It is obvious that a correct relation between the spin of a nucleon and the angular momentum of its constituents should include their orbital angular momentum and should also include a contribution from the gluons. Unfortunately this is much more complicated than it sounds, because there is some controversy as to which operators should be used to represent the angular momentum, especially in the case of the massless gluon [6, 7] . The relation, based on the canonical (can) version of the angular momentum,
1 Note that beyond the naive level, in the M S scheme, Eq. (9) still holds, but both sides of the equation then depend on Q 2 . looks totally intuitive; can't be incorrect. Usually Eq. (13) is written in the Jaffe-Manohar (JM) form [8] :
but more correctly it should read :
But this is still not completely accurate. Danger! ∆G is a gauge invariant quantity but S G can,z
is not. However one can show that [9] 
or, as the nucleon momentum
Moreover the operatorsL q,G are also not gauge invariant. Thus all the gauge non-invariant operators appearing in the JM sum rule should be evaluated in the gauge A 0 = 0 or A + = 0. Finally then, for a fast moving proton with helicity +1/2 the angular momentum sum rule becomes, in contrast to the naive result Eq. (12),
It should not be forgotten that each individual term in Eq. (18) is actually a function of Q 2 , but that the sum is not. ∆G can be measured and seems to be relatively small, but not negligible, typically ∆G ≈ 0.29±0.32 for Q 2 ≈ 10GeV
2
[5] (see also [10] ). The real challenge is to find a way to measure the orbital terms in Eq. (18) and thus to check whether the sum rule holds.
V. CONCLUSION
What appeared to be a spin crisis in the parton model, 28 years ago, was a consequence of a misinterpretation of the results of the famous European Muon Collaboration experiment on polarized deep inelastic scattering. This was caused by a failure to distinguish adequately between constituent and partonic quarks. In constituent quark models of the nucleon, in say a proton with "spin up", the sum of the Z-components of the spins of the constituent quarks, depending on the sophistication of the model, is expected to be close to +1/2. The European Muon Collaboration, and later experiments, confirmed that the sum of the Z-components of the partonic quarks was very different, much smaller than 1/2. But we do not understand the connection between partonic and constituent quarks-a non-perturbative dynamical question-so that there is no basis for regarding this difference as a crisis. Moreover the smallness of the spin contribution of the partonic quarks is perfectly reasonable, given that they certainly possess orbital angular momentum as well, and that the gluons, too, carry some spin. Thus there simply isn't a nucleon-spin crisis, and the paper of Povh and Walcher appears to be an attempt to resolve a non-existent problem.
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